gauges mounted directly to ribs is commonly used for this purpose, but this method is not very sensitive and the time and cost required to instrument the ribcage with more than 100 strain gauges is prohibitive for many applications. In this study a new approach based on time-scale analysis of signals obtained from piezoelectric transducers (PZT) is reported. A post-mortem human subject was instrumented with four PZT on ribs 3 and 7 bilaterally and exposed to lateral blunt impacts to the shoulder and the chest. The fractures were documented after each test, and a
Time-frequency analysis to detect bone fracture in impact biomechanics.
Application to the thorax. 
Introduction
A comprehensive understanding of injury mechanisms remains an important and elusive challenge for designers of vehicle safety countermeasures. Laboratory impact experiments that reproduce the relevant mechanics of field crashes are an essential aspect of this understanding. Correlating the time of bone injury with other events such as the kinematics of the occupant and vehicle, the action of safety systems, and measured deformations or applied loads would provide valuable, unbiased data for assessing safety systems and developing statistically based injury risk functions. The determination of rib fracture timing is of particular interest as these injuries are a good indicator of restraint performance, are frequent, and are potentially dangerous since rib fractures compromise the ability of the chest to protect internal organs critical to life such as the lungs and the heart. Moreover, the capability to monitor rib fractures in the case of an impact to the chest may allow for repeated non-injurious impact tests on a single subject and thus allow for parameterized studies that minimize scatter due to biological variability. Performing a CT-scan after each test to assess the rib fractures, in addition to being extremely expensive, does not provide the required level of sensitivity or specificity. Indeed, the only reliable way to document rib fractures is to perform an in-depth necropsy (Kent et al., 2002) , because non-displaced fractures cannot be seen on CT images. Non-displaced fractures may, however, be critical to document because the number and distribution dictates the degree to which the fractures decrease the strength and stiffness of the chest (Kuppa & Eppinger, 1998; Kent et al., 2004; Yoganandan et al., 2004; and changes the injury severity coding (Gennarelli & Wodzin, 2005) .
Sensors to identify the timing and location of both displaced and non-displaced bone fractures in the chest during an impact have not been convincingly demonstrated. Strain gauges are commonly used to achieve this goal (Lebarbe et al., 2005 , Kemper et al., 2008 Trosseille et al., 2008) since, at the time of fracture, strain is released and a sudden drop can be observed in the strain measurement. This drop in the strain time-history is used to determine if and when there was a rib fracture (Lebarbe et al., 2005) . There are several limitation in this approach. One is the method's dependence on the amplitude of strain in the temporal domain: any attenuation in the signal hampers the ability to detect fracture. This limitation is due to the short detection range of the strain gauges. A fracture has to occur within about 50 mm of a strain gauge to be reliably detected by this strain gauge (Lebarbe et al., 2005) . This critical separation is consistent with the findings of , who also noted that fractures that occurred under the loading device or in the costal cartilage were likewise not reliably detected using strain gages. This spatial attenuation of the signal dictates the use of as many as 5 to 6 gauges per rib to properly map the fracture timing of the entire rib cage. Installing more than 100 strain gauges per chest is an invasive procedure and extremely costly in terms of time, instrumentation, and data acquisition channels.
An alternative methodology based on time-scale analysis is investigated in the present paper to overcome these limitations. Time-scale analysis (TSA) is a signal processing tool based on wavelet decomposition already used in mechanics to study transient and fast changing signals (Gaul & Hurlebaus, 1998 , Meo et al., 2005 , Guillemain & Kronland-Martinet 1996 , Cheng et al., 2003 , Knox 2004 . ). TSA has been used in biomedical studies (Akay, 1998) , for gait analysis (Verdini et al., 2000) , and used to localize and indentify impact location on a plate (Gaul & Hurlebaus, 1989; Meo et al., 2005) , but it has never to the authors' knowledge been used for fracture detection in impact biomechanics. The general approach reported here is to use piezoelectric transducers (PZT) to measure rib deformation. PZT transform the mechanical deformation in any direction into a voltage. They are different from strain gauges that measure deformation in only one direction. The goal of this study is to present how TSA can be used to detect rib fractures during an impact test performed on Post-Mortem Human Subjects (PMHS) instrumented with PZT. Six full-scale lateral impact tests were performed on one PMHS (Subit et al, 2009) . Ribs 3 and 7 on each side were instrumented with a PZT. The rib fractures were assessed via necropsy after each test. The fracture data were supplemented with the PZT data process. Two fracture thresholds derived from TSA were evaluated to correlate rib fracture occurrence with PZT signals.
Materials and method

SHPM preparation, experimental data and lesion
One PMHS (male, 47 kg, 173 cm, cause of death: lung cancer) was selected for this study, based on the absence of pre-existing fractures, lesions or other bone pathology, as confirmed by pre-test computed tomography (CT) analysis. The cadaver was obtained and treated in accordance with the ethical guidelines established by the US National Highway Traffic Safety Administration (NHTSA), and all testing and handling procedures were reviewed and approved by an independent oversight committee at the University of Virginia. The subject was screened negative for infectious diseases and stored in a freezer (-15˚C) until it was removed and thawed at room temperature 48 to 72 hours prior to the pretest preparation. Incisions were made at the level of the anterior left and right ribs 3 and 7 (Figure 1 ). The soft tissues and periosteum on the section of the rib where the PZT (see following section) were to be installed were removed to clear the rib bone. The rib bone was then dried with an isopropanol solution. Next, the cleared rib bone was sprayed with a cyanoacrylate activator (Loctite, #7455), and the surface of the PZT to be affixed to the bone was covered with cyanoacrylate glue (Loctite, #382). Finally the PZT was pressed against the bone until the glue hardened.
Figure 1: Position of the impactor for the shoulder, upper chest and mid-chest impacts. The PZT were installed on ribs 3 and 7.
The subject was seated on a simplified seat designed to mimic a standard car seat. The impacts were applied using a pneumatic impactor. A catching system was used to prevent interactions with the ground and avoid any artifactual fractures. The impact velocity was 3 m/s. The subject was successively impacted at 3 levels ( Figure 1 ): shoulder (S) with the arm along the chest, upper chest (U) and mid chest (M), both with the arm at 90˚ flexion. Table 1 shows the sequence of impacts on the two sides of the subject. After each test, attempts to detect the rib fractures were made via palpation by a physician-researcher with extensive experience in thoracic biomechanics. A careful necropsy was performed after the tests series to document the rib fractures produced by all the 6 tests. Each rib fracture was described during necropsy as displaced, non-displaced, mono-cortical or bi-cortical (Table 2, Figure 2 ). Fractures were found for ribs 3 and below. No fracture was detected after the impacts on shoulder. As expected, not all the fractures were detected by palpation. Seven out of the ten fractures were not displaced. The success rate to detect non-displaced rib fractures is unusually high because the subject was skinny and that facilitated the palpation. 
Piezoelectric Transducer (PZT)
PZT have the ability to generate an electric potential in response to applied mechanical stress. A useful PZT electrical model is a voltage source proportional to the applied strain in series with a capacitance C. Any resistive load R forms a divider network with a RC high-pass filter characteristic that determines the PZT resonance frequency. For frequencies below the resonance frequency, the PZT gives an output signal proportional to the rate of change of the strain (differentiator system). It is therefore an appropriate sensor to measure transient signals. The PZT for this study was chosen so that its resonant frequency was higher than the upper bound of the data acquisition system (DAS) frequency bandwidth. Figure 3 shows that the PZT was used in the optimum frequency Left Right range. The signals were sampling at 10 kHz with an Impax DSPT TRAQ-P 12 bitresolution data acquisition system (DSP Technologies, Fremont, CA, USA). A low-pass anti-aliasing filter with a cut-off frequency Fco of 3.3 kHz was applied at the front end of the DAS. The 9.9 mm-diameter PZT with a resonant frequency of 7 kHz (model AB1070B, Projects Unlimited, Dayton, OH, USA) was found to be appropriate for this study because of its size (it fits on a rib bone) and its frequency response (Figure 3 ). 
Time scale analysis
In order to quantify the transient within the PZT signal we propose a method based on the Continuous Wavelet Transform (CWT). The continuous wavelet transform of a signal x(t) is defined by:
where  indicates the complex conjugate of  , and  is the analyzing wavelet.
The wavelet transform is fundamentally a correlation between the signal x(t) and a wavelet function (t) translated by b and dilated by a. The chosen mother wavelet function (t), known as the "Morlet" wavelet, is a modulated Gaussian:
The Morlet wavelet is localized around time t = 0 and its Fourier transform is centered on frequency f 0 . It is easily understood that the function ((t-b)/a) is localized around t = b and its Fourier transform around f = f 0 /a. Hence |CWT(b,a)|, the magnitude of CWT, represents the square root of the power density of the signal x(t) around the time t = b and the frequency f = f 0 / a.
The CWT was chosen for its ability to operate at every scale up to the defined maximum. In addition, as the wavelet analysis is smoothly done along the signal, it allows for the localization of any change in the frequency content or any transient.
The CWT was applied to each PZT signals. Figure 4 shows a typical time-history response of a PZT. The output of the CWT analysis is called a scalogram, which is a three-dimensional representation where time is on the x-axis, frequency (related to scale) is on the y-axis, and magnitude is on the z-axis ( Figure 5 ).
The evaluation of the strength of the transient is based on the fact that the shorter the transient in time, the richer its frequency content ( Figure 5 ). The limit is the Dirac pulse, which has a zero length in time and an infinite frequency width.
When a fracture occurs, strains in the material are relieved, which generates a high frequency wave in the bone, leading to an increase in the signal frequency bandwidth. Therefore the occurrence of a fracture can be detected by tracking the frequency bandwidth of the PZT signals as a function of time. A criterion was developed to determine the time of fracture by correlating the changes in the frequency width with the fractures documented after each test. The methodology consists of seeking a wide band of energy at a given time. It is adapted from a methodology proposed by Antoine et al. (1997) and Kang & Birtwhistle (2003) . The strength of a transient is defined as the integral of the module of the CWT from the finest scale (corresponding to the maximum frequency) up to a cut off scale a c (corresponding to a cut off frequency f c ) :
The resulting criterion reflects both the instantaneous bandwidth and the signal power. The greater the magnitude of the criterion, the greater the energy in the upper section of the spectrum and the more transient the signal. The more transient the signal, the more likely it is to reflect the occurrence of a fracture. Indeed transient signal depends on the structure: when a rib breaks, there is a sudden change in the length of the structure to which the PZT is affixed. After fracture, the PZT remains on a smaller structure, and the energy released by the fracture generates a highly oscillatory signal. The phenomenon was analyzed by plotting the function  for all the PZT for each impact test as a function of the translation integer b, which is the translation of the wavelet and consequently is equivalent to time.
Thresholds were defined for the criterion  by correlating its value with the rib fracture occurrences (Table 2) . Any time the criterion exceeded the threshold level T, we required that a fracture had to occur in the vicinity of the transducer. The values of the threshold T and the parameter a c , which delimits the low and high frequencies, were determined so that the value of was greater than T when a fracture occurred.
Results
PZT signals
It was noted that the PZT on Left Rib 3 malfunctioned during all tests. The LR3 signal was therefore removed from the analysis.
Examples of PZT signals are shown Figure 6 . These signals were recorded by the PZT on Right Rib 3 during the tests 1, 2 and 3. Fracture of the right rib 4 was documented after the right upper chest impact (Fig. 6(b) ) and fracture of the right rib 7 was documented after right mid-chest impact (Fig. 6(c) ). Analysis of the time-history signals presented in Figure 6 does not provide sufficient information to discriminate whether a fracture occurred during the impact. Figure 7 : Values of the criterion for the impact to the right midchest calculated for the PZT signals on RR7 where a fracture was documented, RR3 and LR7 for f c = 1145 Hz). Figure 7 shows the resulting criterion for the right mid-chest impact (test #3). For this test, a fracture was detected by the PZT on RR7. The criterion exhibits a large peak for RR7 and two smaller and delayed peaks for the PZT further away from the broken rib (LR7 and RR3). It shows that two thresholds for the criterion value can be determined to discriminate fractures that occurred on the rib to which the PZT is attached or on another rib. When the criterion reaches the first threshold level, referred to as close rib level or CRL, the corresponding sensor detects a fracture that occurred on a close rib. When the criterion reaches the second level, referred to as the sensor rib level or SRL, the rib to which the sensor is mounted breaks.
Transient criterion
The parameter a c sets the bandwidth for the computing of the transient criterion and therefore its ability to discriminate mere impact without fracture from impact inducing fractures on the sensor rib or on a distant rib. One must be certain that a mere impact would generate a little transient signal that would have a criterion low enough not to be confused with an impact inducing fracture. Moreover the criterion level of an impact inducing a fracture on a distant rib must be significantly lower than the criterion level of an impact inducing a fracture on the sensor rib. A parametric study was realized in order to determine the optimal a c that would discriminate occurrences of fracture on the sensor rib from fracture on a distant rib. The minimum criterion values for the PZT attached to a rib that broke, and the maximum values for the PZT attached to a rib close to a rib that broke where calculated for a c corresponding to frequencies between 339 Hz and 2578 HZ (Figure 8 ). The criterion  is the integration from the lowest scale up to the cut off scale, a c. Therefore, as expected, the criterion value decreased with the frequency since the integration domain widens as cut-off scale increases. For the range of tested cut-off frequencies, the criterion is able to discriminate a fracture occurring on a close rib from that occurring on the sensor rib. The optimum cut off frequency maximizes the difference between the criterion level of a fracture on a close rib and the criterion level of a fracture on the sensor rib and is therefore set at 1145Hz
Sensor Rib Level and Close Rib Level were further investigated for a scale value a c corresponding to a frequency of 1145 Hz (Table 3 ). The Right Rib 3 PZT detected a fracture on a close rib for all the impacts except for the shoulder impacts. The Right rib 7 PZT detected a fracture on its very rib during the right mid chest impact. Finally, the Left Rib 7 PZT detected a fracture on a close rib during the left upper chest impact and a fracture on its very rib on the left mid chest impact. Fractures not detected during palpation Right rib 6 (non displaced) Right rib 9 (non displaced) Left rib 5 (non displaced)
Instant of occurrence
If a PZT is placed near the fracture location, the instant of fracture can be determined from the raw PZT time-history signal (Right mid-chest impact, Figure  9 (a)), without requiring any processing or consideration of the frequency content. This fortuitous result in one of the PMHS impacts allows for an assessment of any time delay in fracture detection that may be introduced by the TSA. Both the raw PZT signals and the corresponding value of the  criterion show that the right rib 7 fracture occurred at time 13 ms (Figure 9 a and b) . The RR3 and LR7 PZT detected this fracture as well. The time differences in the peaks provide an estimate of the time of flight of the transient: LR7 detected the fracture after 2 ms, and RR3 after 6 ms. The further the PZT from the fracture location, the greater the time delay: a time window of fracture occurrence can then be set from the time of flight and the last peak of the criterion. 
Discussion
Fracture detection
Several successive impact tests were performed on a thorax with PZT mounted to selected ribs. The injury report from the necropsy shows that a physician can easily miss non-displaced fractures during palpation and that it is therefore critical to have a tool that has a high success in rib fracture detection. The results of the present study showed that a methodology using PZT and time scale representation is promising for determining the time window of the fracture occurrence.
A major improvement compare to the strain gauge-based method is the ability to detect a fracture even if it occurred on an uninstrumented rib. Indeed, earlier work has shown that the detecting strain gauge needs to be on the broken rib and moreover within approximately 50 mm of the fracture location. The preliminary work presented here indicates that it may be possible to use approximately 20 PZT compared to more than 100 strain gauges to attain similar spatial resolution for fracture detection (Kemper et al., 2008; Trosseille et al., 2008) . Ongoing work is being conducted to determine how to reduce the number of PZT while detecting all the fractures.
PZT location
For the subject used in this study, the fractures occurred on the anterior section of the rib, posterior to the PZT location. After fracture, the PZT remained attached to the short rib segment connected to the sternum. The fracture progression shown in Table 3 indicates that once an instrumented rib is broken the PZT attached to it loses the ability to detect a fracture on an adjacent rib. Two explanations are proposed to explain this behavior. First, once the fracture has occurred, the stiffness of the rib is greatly reduced. Therefore its ability to transmit high frequency waves decreases. Second, the transient signal generated by a fracture travels through the posterior rib and the spine, and not through the sternum. Indeed the sternum is surrounded by costal cartilage that behaves as a damping material and could act as a low pass filter. In contrast, the spine may provide a stiffer structure than the sternum for wave propagation since each rib attached to two vertebrae through the superior and inferior costal facets. Consequently, future work should assess the performance of the PZT when mounted to the most posterior part of the rib as better fracture resolution may occur.
Sensitivity to the parameter a c
Results showed that a scale level a c could be found that separates high frequency from low frequency and that could detect a transient phenomenon in the signal. The scale level for the sensor-mounted rib level was straightforward to determine: the criterion always reached a very high level when the rib to which it was attached fractured. The challenge was more on the fine tuning of a c and CRL. Transient propagation within biological environment implies damping of soft tissues and joint connection between bony structures. High frequency composition of a transient is likely to be attenuated as the transient propagates through many biological structures. Thus, for a c too low, the band of frequencies considered as high would be very narrow: the PZT would be too restrictive and would lose the capability of seeing a fracture occurring on a close rib.
Determination of fracture time
In the current analysis, the time of fracture was defined as the time when the criterion reached a maximum. As a maximum in the criterion reflects an instant of high speed variation in the signal, the assumption that it is the instant of fracture seems reasonable. A more conservative assumption is that the fracture occurs within the time the criterion is above the threshold (Figure 10 ). If a time window is considered instead of a time instant, then several parameters have to be considered that widen the fracture window. One is the time of flight of the transient information from the fracture to the PZT, especially if the sensor is not on the fractured rib. A second parameter is the width of the Gaussian windows of the CWT, which increases with the scaling parameter a. Thus a higher a c would widen the peak of the criterion. Finally, the physics of the event -onset of a crack, propagation and maybe complete fracture -has not been taken into account yet. The frequency response of the fracture process certainly varies as the crack propagates in the bone. This needs to be studied to describe the characteristics of the transient itself and how the value of the criterion relates to the fracture process.
Limitations
The main purpose of the paper was to investigate the feasibility of the detection of a fracture using a reduced number of sensors compared to the strain-gauge technique used in the past. Signal analysis of PZT mounted on the ribs of a laterally struck PMHS indicated that fractures of both instrumented and uninstrumented ribs can be detected. One limitation to the methodology is that it
is not yet possible to identify precisely the fractured rib if not instrumented. In other words, it it possible to know that a fracture occurred on a nearby rib, but not which nearby rib. The capability of the methodology to localize fracture on adjacent ribs could lead to an anatomic tracking of the location of the fracture, but additional work is needed to develop that aspect of the method. Figure 9 (b) shows a delay between a PZT detecting a fracture on the rib to which it is mounted and the PZT detecting the fracture from a nearby rib. The magnitude of the signal's time of flight through the several biological structures of the rib cage could be further investigated as a method for localizing fractures. Such knowledge could improve our knowledge of lesion mechanisms of the rib cage and could lead to an optimum distribution of the PZT sensors along the rib cage. On going work is being done to complete this theory.
A second limitation to the study is the use of a single PMHS. It is possible that the injury threshold criterion could be subject specific. The energy measured at time of the fracture depends not only on the position of the sensors on the rib (a sensitivity analysis is required to estimate the influence of the PZT location on the measured signal) but also on the mechanical properties of the rib material and surrounding soft tissues, which are subject-dependent. Thus the two thresholds that were determined from our methodology may not apply to other PMHS. Further analysis of the fracture process is required to better describe the link between the physics of the fracture process and the signal measured by the PZT.
Conclusion
This study introduced a novel methodology to determine rib fracture time in impact biomechanics testing. Contrary to the common method that relies on timehistory analysis of strain-gauge data, the proposed method uses an in-depth analysis of a PZT sensor signal's frequency content based on time-scale analysis. This new method shows promise for requiring fewer sensors than the strain gauge-based method as the sensors have the capability to detect fracture even on uninstrumented ribs. The fracture threshold of the parameter a c , which delimits low and high frequencies, needs to be tuned to detect fracture on instrumented and uninstrumented ribs. Likewise, the underlying fracture mechanics that generate the wave measured by the PZT need to be better understood to determine if the thresholds SRL and CRL are subject-specific. The proposed method demonstrates the capability of time scale signal processing to characterize a transient signal within a time signal and thus a way to detect rib fractures with a small number of sensors.
